Hexokinase is the first enzyme in the glycolytic pathway, catalyzing the transfer of a phosphoryl group from ATP to glucose to form glucose 6-phosphate and ADP. Two yeast hexokinase isozymes are known, namely PI and PII. The crystal structure of yeast hexokinase PII from Saccharomyces cerevisiae without substrate or competitive inhibitor is determined and refined in a tetragonal crystal form at 2.2-Å resolution. The folding of the peptide chain is very similar to that of Schistosoma mansoni and previous yeast hexokinase models despite only 30% sequence identity between them. Distinct differences in conformation are found that account for the absence of glucose in the binding site. Comparison of the current model with S. mansoni and yeast hexokinase PI structures both complexed with glucose shows in atomic detail the rigid body domain closure and specific loop movements as glucose binds. A hydrophobic channel formed by strictly conserved hydrophobic residues in the small domain of the hexokinase is identified. The channel's mouth is close to the active site and passes through the small domain to its surface. The possible role of the observed channel in proton transfer is discussed.
Hexokinase is the first enzyme in the glycolytic pathway, catalyzing the transfer of a phosphoryl group from ATP to glucose to form glucose 6-phosphate and ADP. Two yeast hexokinase isozymes are known, namely PI and PII. The crystal structure of yeast hexokinase PII from Saccharomyces cerevisiae without substrate or competitive inhibitor is determined and refined in a tetragonal crystal form at 2.2-Å resolution. The folding of the peptide chain is very similar to that of Schistosoma mansoni and previous yeast hexokinase models despite only 30% sequence identity between them. Distinct differences in conformation are found that account for the absence of glucose in the binding site. Comparison of the current model with S. mansoni and yeast hexokinase PI structures both complexed with glucose shows in atomic detail the rigid body domain closure and specific loop movements as glucose binds. A hydrophobic channel formed by strictly conserved hydrophobic residues in the small domain of the hexokinase is identified. The channel's mouth is close to the active site and passes through the small domain to its surface. The possible role of the observed channel in proton transfer is discussed.
Hexokinase (HK), 1 or ATP:D-hexose 6-phosphotransferase, is a member of the kinase family of tissue-specific isoenzymes (EC 2.7.1.1). Reduction in its activity causes illnesses in humans like hemolytic anemia (1, 2) and cardiomyopathy (3) . Mutations in glucokinase (hexokinase IV) are associated with early onset non-insulin-dependent diabetes mellitus (4, 5) . Hexokinase has been a target for the development of efficient inhibitors in the search for new drugs against diseases caused by trypanosomes (6) and has been used in the construction of biosensors capable of detecting glucose (7) .
Hexokinase catalyzes the transfer of an ATP ␥-phosphate group to the 6-position on the glucose (Glc) ring as follows. Cloning the hexokinase genes from Saccharomyces cerevisiae has shown that there are two isoenzymes of hexokinase in yeast: PI and PII, with an overall homology in their amino acid sequences of about 76% (8, 9) . Hexokinase PII is the predominant hexose kinase in S. cerevisiae grown on glucose (10) and is required for the catabolite repression, by glucose, of the expression of other genes (11) (12) (13) . The yeast HKs are known to exist as phosphoproteins in vitro (14) and in vivo (15) , with the dimer-monomer equilibrium affected by phosphorylation. The in vivo phosphorylation site has been identified as Ser 15 (16) . The crystallographic structures of yeast hexokinase PI complexed with glucose (PI-Glc) refined at 3.5-Å resolution (17, 18) and the hexokinase PII from yeast complexed with the competitive inhibitor, ortho-toluoylglucosamine (PII-OTG), determined at 2.1-Å resolution (19, 20) , have already been reported.
The original structures of yeast hexokinases were determined without a primary amino acid sequence, which did not become available until 1985 (8, 9) . The identity of the side chains was deduced from inspection of the electron density. In fact, only a 30% identity can be found between the primary sequence of the crystallographic models and the one obtained from cDNA sequencing.
In an attempt to define the structure and function of this enzyme more clearly, we solved the crystal structure of yeast hexokinase PII to 2.2-Å resolution, refining the model with the correct amino acid sequence. This is the first high resolution hexokinase structure solved without a bound substrate or competitive inhibitor. We compare it with the structures of human hexokinase determined to 2.8-Å resolution (21) (22) (23) , Schistosoma mansoni hexokinase also solved to 2.8-Å resolution (24) , and previous structures of yeast hexokinase PI and PII (17) (18) (19) (20) .
The primary sequence of yeast hexokinase PII is compared with the amino acid sequences of other hexokinases, and a possible role for the conserved amino acids is proposed. Glucose and ATP binding sites and a possible reaction mechanism are discussed. We demonstrate the existence of a channel, formed by the conserved hydrophobic residues 
EXPERIMENTAL PROCEDURES
Crystallization-The protein material used for crystallization was purchased from Sigma and further purified using an anion exchange column. Crystallization was carried out using the sitting-drop vapor diffusion method. The drops were composed of 3 l of protein solution and 3 l of crystallization solution. The volume of the reservoir was 1 ml. Crystal screenings were carried out at room temperature, varying the concentration of precipitant from 1.6 to 2.4 M ammonium sulfate in 100 mM potassium phosphate buffer. Needles were observed under several conditions, and some data were collected for these crystals, diffracting to 2.8-Å resolution. A single crystal, from which diffraction data were collected, had an elongated bipiramidal shape, unlike the more usual thin needles. Its dimensions were 0.25 ϫ 0.4 ϫ 1.0 mm.
X-ray Diffraction Data-Diffraction data to 2.2 Å were collected at room temperature (ϩ27°C) on a MAR image plate system at the dedicated protein crystallography beamline of the Brazilian synchrotron light source (25, 26) and processed with the programs DENZO and SCALEPACK (27) . Data were collected on frames of 1.0°rotation with the same amount of x-ray dose per frame. The crystal-to-detector distance was 200 mm. A total of 53,732 reflections were measured and merged to 24,924 unique reflections, with a completeness of 94.9% for all data to 2.2 Å ( Table I ). The crystal belonged to tetragonal space group I4, with cell constants of a ϭ b ϭ 142.81 Å and c ϭ 58.46 Å. Estimation of the solvent content indicated that the crystal contained one molecule per asymmetric unit with V m ϭ 2.7 Å Da Ϫ1 . The structure was solved using Patterson search techniques. Rotational and translational searches were performed with AMoRe (28) using data to 2.2 Å and a P152K mutant of yeast hexokinase (29) as the starting model. A unique solution was found after rigid body refinement, with a correlation coefficient of 53.5% and an R-factor of 44.8%.
Refinement and Model Building-Repeated cycles of rebuilding in O (30) and refinement using REFMAC (62) with insertion of water molecules using ARPP (32) lowered the R-factor to a final value of 16.3% and R-free (33) , calculated for 5% randomly chosen reflections that were not included in the refinement, to 24.6%. The root mean square (r.m.s.) deviation of bond lengths was 0.011 Å, and r.m.s. deviation of bond angles was 2.1°. A summary of the refinement statistics, together with other crystallographic and final model parameters, is given in Table I . Analysis of the final model using PROCHECK (40) indicates that 90.5% of the residues fall within "core" regions of the Ramachandran plot (34, 35) . No residues are found in disallowed regions. The G-factor of the model is Ϫ0.06. The final model contains residues 18 -486 and 442 water molecules. No continuous density can be observed for the first 17 residues of the N terminus. Yeast HK is susceptible to limited proteolysis by endogenous proteases, resulting in loss of the first 11 N-terminal amino acid residues (36, 37) , which, together with the thermal disorder, is probably the reason for the lack of electron density at the N terminus.
The average thermal parameter for the model is 23. , which is located in a loop between ␤-strand ␤4 and ␣-helix ␣3. The final (2F o Ϫ F c ) electron density, calculated using data to 2.2 Å, is well defined for most residues.
RESULTS AND DISCUSSION
Secondary and Tertiary Structure-The molecule has a palm shape, with approximate dimensions of 59 ϫ 78 ϫ 54 Å 3 , and is in its open conformation. It has the same ␣/␤ fold observed in other hexokinase structures (17) (18) (19) (20) (21) (22) (23) (24) . The polypeptide chain of 486 residues is distinctly folded into two domains of unequal size: the large and small domains. These are separated by a deep cleft containing the residues making up the enzyme active site.
The secondary structure was analyzed using the PROMOTIF (39) program. In all, there are 14 ␣-helices, 13 ␤-strands, and three 3 10 -helices (Fig. 1) . The large domain (residues 13-76 and 212-457) comprises a six-stranded mixed ␤-sheet (␤1, ␤9, ␤10, ␤11, ␤12, and ␤13) and a number of additional ␣-helices. The mixed sheet has Ϫ3,1,1,Ϫ3x,Ϫ1x topology in the Richardson notation (38) . On one side, the sheet packs against the small domain, and on the other side it is shielded by several ␣-helices. The domain also contains a particularly long helix, ␣11 (36 residues and 53.35 Å in length), which exhibits a slight bend.
The small domain comprises residues 77-211 and 458 -486, and its dominant feature is a five-stranded mixed ␤-sheet (␤2, ␤3, ␤4, ␤5, and ␤8), with a sheet topology of Ϫ1,Ϫ1,3x,1x. The sheet is flanked by two helices on one side and by one helix on the other. The domain also has an additional ␤-sheet formed by two antiparallel strands (␤6 and ␤7).
Two regions of distortion were identified in the ␤-sheets, both classified as classic parallel ␤-bulges, one involving ␤-strands ␤9 and ␤12 and the other involving ␤5 and ␤8. Five ␤-hairpins are also present in the structure, between antiparallel ␤-strands ␤2:␤3, ␤3:␤4, ␤6:␤7, ␤9:␤10, and ␤10:␤11.
All these secondary structure elements match those present in the human HK structure apart from three additional 3 10 helices (␣ 5Ј , 245-251, ␣ 5Љ , 269 -273; ␣ 12Ј , 445-449) found in the yeast HK structure. The structure of S. mansoni HK shows the same secondary structural pattern. Direct comparison with the previous HK structures ( [17] [18] [19] [20] can only be somewhat approximate due to the limited refinement and the uncertain amino acid composition of those earlier models. However, such an approximate comparison suggests that most of the secondary structural elements in the current structure have their equivalents in the previous ones.
The superposition of the yeast and S. mansoni hexokinase structures (Fig. 2) clearly shows the open conformation of the polipeptide chain (17) (18) (19) (20) .
Conserved Amino Acid Residues-The primary sequence alignment of a selection of proteins from the hexokinase family is shown in Fig. 3 . This clearly demonstrates extensive similarity between the N-and C-terminal halves of type I human hexokinase, rat hexokinase, and hexokinase from S. mansoni and between these and yeast hexokinase, consistent with the gene duplication-fusion concept proposed by Colowick (36) . Approximately 34% of the amino acid residues are conserved in all members of the family, and 13% are perfect matches. The strong conservation of these residues implies their relevance to biological function. Various strictly conserved amino acid residues are present in the binding site. A high number of glycine residues are also conserved ( . These residues are located at the ends of ␤-strands or ␣-helices, changing the direction of the chain. Their conservation probably gives the hexokinase molecule the flexibility necessary for binding glucose and ATP. Some of them are directly involved in the active site formation and are essential for enzymatic activity (see discussion below).
Comparison of the HK Structures and the Conformational Changes- Fig. 2a shows a comparison of yeast hexokinase PII c Rfree is the crystallographic R-Factor calculated for a subset of randomly selected reflections (5%) not used in the phasing process. A comparison with hexokinase from S. mansoni, determined as a complex with glucose, reveals a movement of the domains closing the cleft (Fig. 2b) . The overall r.m.s. deviation, calculated for 414 C-␣ atom pairs is 4.7 Å. However, if the two domains are considered separately, the superposition of the large domains gives an r.m.s. deviation of 1.8 Å for 320 C-␣ atom pairs, while the superposition of the small domains gives an r.m.s. deviation of 2.2 Å for 261 C-␣ atom pairs. Similar changes in conformation have been observed in the yeast PIGlc complex (17) with an r.m.s. deviation of 8.1 Å for 409 C-␣ atom pairs.
When the large domains of these molecules are superposed, it becomes clear that, in addition to the rigid body closure of the small domain, four peptide segments, namely residues 87-92 (L1), 115-124 (L2), 158 -163 (L3), and 174 -178 (L4) (yeast hexokinase PII numbering), move forward to embrace the binding site. These loops move by as much as 8 Å measured at C-␣ atom positions. The movement of these loops seems to be functionally important to complete the formation of the glucose binding site and to preform the nucleotide binding site. Two of the loops, namely L1 ( 87 LGGTN 91 ) and L4 ( 174 WTKGF 178 ), are composed of amino acid residues conserved in all but two of the hexokinase sequences listed in Fig. 3 . In the N-terminal regulatory domains of rat and human hexokinases, residues Thr 90 and Asn 91 of the loop L1 are substituted by serines, whereas the residue Gly 177 of the loop L4 is substituted by an arginine. These substitutions might be directly related to the lack of enzymatic activity of these domains.
In addition to the significant conformational changes of the loops involved in glucose and ATP binding, differences in the conformations of the external loops are also observed, mainly in the positions of insertions and deletions in respective amino acid sequences.
Comparison of the current structure with the models of hexokinase complexed with substrate provides precise information about the conformational changes this enzyme undergoes upon substrate binding and confirms the "induced fit" mechanism theory (42) and previous observations that initial recognition of glucose by HK is followed by closure of the cleft altering the enzyme-substrate interaction (43) .
The Glucose Binding Site-The glucose binding site on our model is in close agreement with the binding site as previously elucidated (17) (18) (19) (20) . Asp 211 , identified as a catalytic base, makes a hydrogen bond with the hydroxyl at position 6 of glucose in both open and closed forms of HK, whereas side chains of the amino acid residues Asn 237 , Glu 269 , and Glu 302 are at hydrogen bonding distances from the O-4, O-3, and O-1 atoms of glucose, respectively. Initial glucose recognition followed by the closure of the cleft between the two HK domains brings amino acid residues of the small domain, notably Thr 172 and Lys 173 , within hydrogen interaction distances of the substrate.
Crystallographic structures clearly show that in the closed conformation Ser 158 interacts with hydroxyl group 3 of the glucose molecule via a carboxyl oxygen (distance 3.22 Å in the S. mansoni hexokinase structure), which confirms the results of mutational studies (44); mutation of Ser 158 to Ala impairs HK catalytic activity, implying functional significance of the hydrogen bonding via the side chain. Ser 158 is also strictly conserved among HK sequences. It has also been shown that the binding of certain types of glucose inhibitors, such as Dxylose or D-lyxose, promotes the short lived hydrolytic activity of the enzyme followed by inactivation of the enzyme via autophosphorylation (36, 45, 46) . The autophosphorylation site has recently been identified as Ser 158 (47) . Taken together, these observations support the idea that additional conformational changes might occur upon binding of ATP (48, 49) and that Ser 158 might play an important role in the process of the phosphate transfer.
As observed by , in the open conformation OTG forms few hydrogen bonds or Van der Waals contacts with the amino acid residues of the small domain. Projection of OTG into the S. mansoni model shows that the glucosamine position is very close to the site occupied by glucose, but its toluoyl group prevents complete domain closure. However, there is room for a significantly larger closure of the HK domains than the comparison of yeast hexokinase PII and PII-OTG models reveals. Taking this into account, we believe that the steric clashes of the OTG toluoyl group with the amino acid residues of the small domain prevent formation of an energetically favorable closed conformation of PII-OTG complex. Recent scan- (52), and of HK led to the identification of an ATPase domain common to prokaryotic cell cycle proteins, sugar kinases, actin, and HSC70 proteins (53) . The ATP binding pattern was defined as consisting of five sequence motifs: phosphate 1 (residues 82-103), connect 1 (residues 203-223), phosphate 2 (residues 229 -248), adenosine (residues 411-439), and connect 2 (residues 453-473) with a number of Gly, Ser, Thr, and Asp residues being strictly conserved between all of the compared sequences.
The present model of yeast hexokinase was determined in the absence of any substrate in the active site. However, in the last stages of refinement a (F obs Ϫ F calc ) difference map exhibited pronounced electron density within the catalytic cleft, and this density was modeled as a sulfate molecule. Sulfate was present in 2 M concentration in the crystallization conditions. Its well defined density is located inside the cleft, close to the position of a sulfate ion observed in the S. mansoni hexokinase and PI-Glc models. The sulfate ion was inserted into the model and refined with an occupancy of 1.0. The thermal parameters are comparable with the average thermal parameter for solvent molecules and similar to the B value of water 149 to which the sulfate ion is bound. The sulfate group makes a hydrogen bond to the main chain nitrogens of residues Ser 419 and Thr 234 (Fig. 4) . Remarkably, these are the strictly conserved residues from the phosphate 2 (Thr 234 ) and adenosine (Ser 419 ) ATPase pattern recognition motifs (54) . Based on these motifs, the ATP position was modeled, by superposing the actin-ATP model onto the present HK structure. Contrary to the suggestion in Ref. 19 , the sulfate ion does not occupy the position of the ␤-or ␥-phosphate. Rather, it occupies a position close to the ␣-phosphate of ATP. If ATP does indeed bind to HK in the modeled position and conformation, its ␥-phosphate will be 3.7 Å from the hydroxyl-6 of glucose. Interestingly, the ␤-phosphate interacts only with amino acid residues of the small domain. This means that after the enzymatic reaction has taken place and the HK cleft opens, the small domain will drag ADP away from the active site, opening the way to release Glc-6-P. This is consistent with the view that glucose binds first and then ATP, whereas ADP is released first, followed by Glc-6-P (36) .
The presence of a sulfate ion in the open conformation of hexokinase proves that it does not provoke significant conformational change upon binding to the enzyme. The fact that the same sulfate/phosphate anion binding site was repeatedly found in yeast (17) (18) (19) (20) , human (21) (22) (23) , and S. mansoni (24) hexokinase models shows that the HK ATP binding site is able to bind monophosphates. This may have functional importance. It is known, for example, that glucose binding is strongly promoted in the presence of 0.05 M phosphate (54) . Phosphate binding might therefore somehow restrict the conformations of the amino acid residues in the glucose binding site, facilitating the binding of glucose.
The Conserved Hydrophobic Channel-Most of the strictly conserved amino acid residues of hexokinase, when viewed in a space-filling representation, appear at the cleft between the two domains and form the glucose and ATP binding sites. However, a number of hydrophobic residues belonging to the small domain form a channel that begins close to the active site, goes through the entire small domain, and ends up at the surface of the protein approximately 30 Å away from the Glc/ ATP binding site (Fig. 5) What might be the function of this channel? We speculate that it might act as a tunnel for the proton generated in the glucose phosphorylation reaction. The channel is too small for the transport of any other substrate or product of reaction (Glc, ATP, ADP, or Glc-6-P) or an inorganic phosphate. The fact that it is connected to the active site area and is lined by strictly conserved residues suggests its importance in the function of the enzyme.
It is clear that glucose binding to HK induces substantial conformational changes. Loops, formed by amino acid residues 87-92, 115-124, 158 -163, and 174 -178, forming the mouth of the conserved hydrophobic channel, close up over the active site, bringing the entrance to the channel into close proximity with the ligand binding sites. The closed active site conformation is probably completed after additional conformational changes that accompany ATP binding. Nucleophilic attack of the glucose's 6-hydroxyl group by the ␥-phosphate of ATP is promoted by Asp 211 and Lys 173 and is followed by "in-line" transfer of the ␥-phosphate group to glucose, presumably through the dissociative transitional state (55) and liberation of a proton.
How does release of the reaction products occur? The driving force of product release is probably the repulsion between Glc-6-P and the ␤-phosphate of ADP. Since the ␤-phosphate is bound to residues of the small domain, its repulsion from the ␥-phosphate, now bound to glucose, would drive the HK open. Repulsion of these two phosphates will depend on the local proton concentration. Low active site local pH would shield electrostatic repulsion between the negative charges of the phosphates and impede release of ADP and Glc-6-P from the HK active site. Proton transfer through the hydrophobic channel might provide the means for decreasing the concentration of protons in the active site cavity, increasing ADP and Glc-6-P mutual repulsion and facilitating the release of the reaction products. In a way, the putative channel function might be similar and opposite to that of the ATPase synthase proton channel (56 -59) .
If this hypothesis is valid, the disruption of the channel should impede the reaction product release, whereas the inversion of the proton flux through the channel would change the reaction balance increasing the phosphate transferase activity of HK. In this situation, ATP and glucose should be produced from ADP and Glc-6-P by HK. Site-directed mutagenesis of the strictly conserved hydrophobic amino acids forming the channel will probably tell whether our hypothesis is correct and will shed light on the nature, purpose, and function of the hydrophobic channel.
